Exogenous fibroblast growth factor 1 (FGF1) signals through activation of transmembrane FGF receptors (FGFRs) but may also regulate cellular processes after translocation to the cytosol and nucleus of target cells. Translocation of FGF1 occurs across the limiting membrane of intracellular vesicles and is a regulated process that depends on the C-terminal tail of the FGFR. Here, we report that translocation of FGF1 requires activity of the ␣ isoform of p38 mitogen-activated protein kinase (MAPK). FGF1 translocation was inhibited after chemical inhibition of p38 MAPK or after small interfering RNA knockdown of p38␣. Translocation was increased after stimulation of p38 MAPK with anisomycin, mannitol, or H 2 O 2 . The activity level of p38 MAPK was not found to affect endocytosis or intracellular sorting of FGF1/FGFR1. Instead, we found that p38 MAPK regulates FGF1 translocation by phosphorylation of FGFR1 at Ser777. The FGFR1 mutation S777A abolished FGF1 translocation, while phospho-mimetic mutations of Ser777 to Asp or Glu allowed translocation to take place and bypassed the requirement for active p38 MAPK. Ser777 in FGFR1 was directly phosphorylated by p38␣ in a cell-free system. These data demonstrate a crucial role for p38␣ MAPK in the regulated translocation of exogenous FGF1 into the cytosol/nucleus, and they reveal a specific role for p38␣ MAPK-mediated serine phosphorylation of FGFR1.
Exogenous fibroblast growth factor 1 (FGF1) signals through activation of transmembrane FGF receptors (FGFRs) but may also regulate cellular processes after translocation to the cytosol and nucleus of target cells. Translocation of FGF1 occurs across the limiting membrane of intracellular vesicles and is a regulated process that depends on the C-terminal tail of the FGFR. Here, we report that translocation of FGF1 requires activity of the ␣ isoform of p38 mitogen-activated protein kinase (MAPK). FGF1 translocation was inhibited after chemical inhibition of p38 MAPK or after small interfering RNA knockdown of p38␣. Translocation was increased after stimulation of p38 MAPK with anisomycin, mannitol, or H 2 O 2 . The activity level of p38 MAPK was not found to affect endocytosis or intracellular sorting of FGF1/FGFR1. Instead, we found that p38 MAPK regulates FGF1 translocation by phosphorylation of FGFR1 at Ser777. The FGFR1 mutation S777A abolished FGF1 translocation, while phospho-mimetic mutations of Ser777 to Asp or Glu allowed translocation to take place and bypassed the requirement for active p38 MAPK. Ser777 in FGFR1 was directly phosphorylated by p38␣ in a cell-free system. These data demonstrate a crucial role for p38␣ MAPK in the regulated translocation of exogenous FGF1 into the cytosol/nucleus, and they reveal a specific role for p38␣ MAPK-mediated serine phosphorylation of FGFR1.
Fibroblast growth factor 1 (FGF1) belongs to a family of heparin binding polypeptide growth factors encoded by 22 genes in mice and humans (20) . Most FGFs transmit signals to cells by binding and through activation of a family of highaffinity, tyrosine kinase FGF receptors (FGFR1 to -4) (7). FGF1 and FGF2 may, in addition, be translocated from the extracellular space into the cytosol and nucleus of target cells (37, 39, 46, 58) . Translocated FGF1 and FGF2, in particular nuclear FGF1 and FGF2, have been reported to be involved in regulating processes such as rRNA synthesis and cell growth (17-19, 21, 36, 44, 45, 52, 54, 56, 61) .
The translocation of exogenous FGF1 or FGF2 into the cytosol and nucleus is a highly regulated process that requires phosphatidylinositol 3-kinase (PI3K) activity (23) and active hsp90 (52) and is strictly dependent on binding of FGF to either FGFR1 or FGFR4 (47) . Furthermore, translocation was found to be cell cycle dependent (3, 31, 63) , it can be stimulated by serum deprivation of cells (1, 3, 18, 25, 31, 32, 55, 63) , and it occurs after a several-hour delay compared to the endocytic uptake of FGF (31, 47) . The nuclear trafficking of FGF1 is also tightly regulated by two nuclear localization sequences (19, 51) , a nuclear export sequence (36) , and by phosphorylation of FGF1 at Ser130 by protein kinase C␦ (PKC␦) (57) .
The actual translocation of FGF across cellular membranes appears to occur in early endosomes, as it was found to depend on the electrical potential across vesicular membranes (31, 32) . Extensive unfolding of the growth factor is not required for the translocation to occur (53) . It is not known exactly how FGF crosses the vesicular membrane and to what extent this event involves accessory proteins in addition to FGFR. Previously, we identified certain amino acid residues localized in the Cterminal tail region of FGFR that are crucial for the FGF1 translocation (47) .
p38 mitogen-activated protein kinase (MAPK) is a conserved member of the MAPK family and participates in a variety of biological processes. Originally, it was described as a kinase mainly involved in inflammatory and stress-induced responses, often activating proapoptotic stimuli, but it is also involved in regulating growth and differentiation of cells in response to a wide range of growth factors and cytokines (42, 62) . More recently it has been shown that p38 MAPK signaling also functions in tumor suppression (15) , and it can regulate endocytosis and intracellular sorting. p38 MAPK contributes to regulation of endocytosis by phosphorylation of components of the endocytic machinery, such as GDI-Rab5 (5), EEA1 (8, 28) , and rabenosyn 5 (28) . Furthermore, it was shown that p38 MAPK can regulate epidermal growth factor receptor (EGFR) internalization (49, 59, 65) and downregulation (9) .
Four isoforms of p38 MAPK have been identified in mam-mals: p38␣, -␤, -␥, and -␦. p38␣ and p38␤ are ubiquitously expressed, whereas p38␥ is most prominent in muscle and p38␦ is most prominent in lungs and kidneys. p38 MAPK is activated through the sequential activation of MAPK kinase kinases and MAPK kinases (MKKs). MKK3 and MKK6 are known to directly activate p38 MAPK by phosphorylating a Thr-Gly-Tyr dual phosphorylation motif in the activation loop of the p38 kinase subdomain VIII. It has also been shown that the p38␣ isoform can be activated by alternative mechanisms which involve stimulation of p38␣ autophosphorylation of its dual phosphorylation motif through interaction with TAB1 (12, 13, 22) or Zap 70 (43) . Active p38 MAPK phosphorylates target substrates on serines and threonines, in particular its downstream substrate, MK2/MAPKAP kinase 2, which further activates various substrates, including HSP27, CREB, transcriptional factor ATF1, SRF, and eukaryotic initiation factor 4E (42, 62) . p38 MAPK can be activated by FGF/FGFR and has been shown to be a crucial second messenger in regulation of various cellular responses to FGF, such as proliferation, migration, and growth inhibition (2, 11, 27, 29, 30, 34, 40) .
In the present study we investigated the role of p38 MAPK in the translocation of exogenous FGF1 into the cytosol and nucleus of cells. We demonstrate that FGF1 translocation requires activity of the ␣ isoform of p38 MAPK and that it can be enhanced upon stimulation of the p38 MAPK activity by chemical stress. We also show that phosphorylation of FGFR1 at Ser777 is required for the translocation of FGF1 and that this phosphorylation is regulated by p38␣. 
MATERIALS AND METHODS

Materials
125
I was from Perkin-Elmer. Heparin-Sepharose was from GE Healthcare Bio-Sciences AB. Complete protease inhibitor cocktail was from Roche Diagnostics. Phosphatase inhibitor cocktail, leptomycin B (LMB), trypsin, mannitol, thapsigargin, digitonin, anisomycin, and 12-O-tetradecanoylphorbol-13-acetate (TPA) were from Sigma-Aldrich. Leupeptin was from the Peptide Institute. PD169316, SB203580, SU5402, SB202474, LY294002, rottlerin, bafilomycin A1, and Gö6976 were from Calbiochem. Antibodies against p38 MAPK (mouse), ERK1/2 (rabbit), p38␤ MAPK (goat), and MK2 and phospho-MK2 were from Cell Signaling Technology. Anti-p38␣ MAPK antibody (rabbit) was from BD Transduction Laboratories, and anti-phosphop38 MAPK antibody (mouse) was from BD Biosciences Pharmingen. Anti-FGF1 antibody (goat), anti-PKC␦ (goat) antibody, anti-Sumo-1C19 (goat) antibody, and anti-PKC␦ antibody blocking peptide (sc937) were from Santa Cruz Biotechnology. Anti-lamin A (mouse) antibody was from Abcam. Anticalreticulin (rabbit) antibody was from Stressgen. Anti-myelin basic protein (MBP; rabbit) antibody was from AbD Serotec, and MBP was from Sigma-Aldrich. Mouse anti-LAMP-1 antibody was obtained from the Developmental Studies Hybridoma Bank at the University of Iowa. Anti-Rab5 (rabbit) antibody was a gift from Harald Stenmark. Anti-mouse, -rabbit, and -goat horseradish peroxidase-linked and Cy2-labeled anti-mouse secondary antibodies were from Jackson ImmunoResearch Laboratories. Recombinant FGF1 and in vitro-transcribed [ 35 S]methionine-labeled FGF1 ( 35 S-FGF1) were produced as described previously (54) . Cy3-FGF1 was made by labeling of FGF1 with Cy3-maleimide (Amersham Biosciences) following the manufacturer's procedure.
Cell cultures. NIH 3T3 cells, BJ cells, and COS-1 cells were grown in Quantum 333 medium (PAA Laboratories GmbH) supplemented with 100 U/ml penicillin and 100 g/ml streptomycin, and for NIH 3T3 cells the medium was also supplemented with 2% bovine serum (Gibco). HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) containing 10% fetal calf serum (FCS; PAA Laboratories GmbH). Cells were seeded into tissue culture plates the day before the start of the experiments.
Plasmids. The pCDNA3 plasmids encoding full-length human FGFR1 and FGFR4 were described previously (47) . The mutations S777A, S777D, S777E, and S777N were introduced into FGFR1 by QuikChange site-directed mutagenesis (Stratagene) and verified by sequencing. The receptors were expressed in ]phosphate the cells were treated with 10 U/ml heparin and 100 ng/ml recombinant FGF1 for 6 h. The cells were then washed with HEPES medium containing 10 U/ml heparin and once with a high-salt/low-pH buffer (2 M NaCl in 20 mM sodium acetate, pH 4.0) to remove cell surface-bound FGF1 before lysis in lysis buffer (0.1 M NaCl, 10 mM Na 2 HPO 4 , 1% Triton X-100, 1 mM EDTA) supplemented with protease and phosphatase inhibitor cocktails. The cell lysate was scraped off the plates. For NIH 3T3 cells, in most cases, the total cell lysate was analyzed for phosphorylated FGF1. In this case the cell lysate was sonicated and the insoluble fraction removed by centrifugation. In some cases the NIH 3T3 cell lysate was fractionated into a nuclear and a cytoplasmic fraction. In this case the lysate was centrifuged at 720 ϫ g for 15 min at 4°C, and the supernatant was centrifuged again for 5 min at 15,800 ϫ g and designated the cytoplasmic (cytosol plus membrane) fraction. The first pellet was washed twice by resuspension in lysis buffer and centrifugation at 720 ϫ g for 15 min at 4°C and then sonicated and centrifuged for 5 min at 15,800 ϫ g. The supernatant after the last centrifugation was designated the nuclear fraction. For COS-1 cells, the cell lysate was centrifuged and only the soluble, cytoplasmic fraction was analyzed further. All fractions were incubated for 2 h at 4°C with heparin-Sepharose to bind the growth factor. The heparin-Sepharose was washed with lysis buffer and treated with 2 g/ml tosylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin in HEPES medium for 30 min at room temperature. The trypsinization removes most phosphorylated proteins other than FGF1, which is exceptionally resistant to trypsin digestion when bound to heparin. The digestion was terminated by washing with lysis buffer supplemented with protease inhibitors. The bound protein was eluted in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and subjected to SDS-PAGE and electroblotting onto an Immobilon-P membrane (Millipore). The membrane was first dried and exposed to fluorography to detect 33 P-phosphorylated FGF1. Thereafter, the total amount of FGF1 on the same membrane was detected with anti-FGF1 antibody and horseradish peroxidase-coupled secondary antibody.
Digitonin cell fractionation. NIH 3T3 or BJ cells were serum starved for 24 h, then incubated with 35 S-FGF1 and 10 U/ml heparin for 6 h at 37°C, and then washed with high-salt/low-pH buffer to remove FGF1 bound to the cell surface. The cells were then washed with phosphate-buffered saline (PBS), and 20 g/ml digitonin was added to permeabilize the cells. The cells were kept at 25°C for 5 min and then on ice for an additional 30 min to allow the cytosol to diffuse into the buffer. The buffer was recovered and designated the cytosolic fraction. The remainder of the cells were lysed with lysis buffer, scraped from the plastic, and centrifuged at 15,800 ϫ g for 15 min. The supernatant was designated the membrane fraction, and the pellet was designated the nuclear fraction. The nuclear fraction was resuspended in PBS, sonicated, and centrifuged to remove undissolved material. FGF1 from all fractions was adsorbed to heparin-Sepharose beads. Then, the beads were washed with lysis buffer and the FGF1 was subsequently eluted and analyzed by SDS-PAGE and fluorography.
Assay for PKC␦ activity. Serum-starved NIH 3T3 cells were pretreated for 30 min at 37°C with or without 10 M SB203580, 10 M anisomycin, 10 M PD 169316, 1 M Gö6976, or 5 M rottlerin and then treated for 30 min at 37°C with 20 nM TPA. The cells were washed, lysed, and sonicated in lysis buffer containing phosphatase and protease inhibitor cocktails. Then, immunoprecipitation was performed with 2 g of antibody against PKC␦ or Sumo-1 (control) and protein A-Sepharose, in one case in the presence of 3 g of anti-PKC␦ antibody blocking peptide. The immunoprecipitates were incubated in 25 l of kinase buffer (25 mM HEPES, pH 7.0, 20 mM MgCl 2 , 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, and phosphatase and protease inhibitor cocktails) containing 20 nM TPA for 30 min at 37°C with 2.5 g of MBP and 30 Ci of [␥- 33 P]ATP in the absence or presence of 10 M SB203580, 10 M anisomycin, 10 M PD169316, 1 M Gö6976, or 5 M rottlerin. Finally, the samples were centrifuged, and collected supernatants were subjected to SDS-PAGE, fluorography, and immunoblotting.
siRNA design and transfection. Three small interfering RNAs (siRNAs) targeting mouse p38␣ mRNA, two siRNAs targeting human p38␣ mRNA, and two siRNAs targeting human p38␤ mRNA were designed. All constructs were checked in silico for target mRNA specificity by BLAST analysis (http://www .ncbi.nlm.nih.gov/BLAST/), and their nucleotide composition was fitted as closely as possible to the criteria depicted in reference 41. Sequences against mouse p38␣ mRNA were GAACGUUGUUUCCUGGUACTT (␣ 1 ), GUAUA cells/ml) were seeded in the absence of penicillin and streptomycin. After 24 h the cells were transfected with 75 nM of the indicated siRNA using Oligofectamine transfection reagent (Invitrogen) according to the procedure given by the company. Four hours after transfection, 10% FCS, 100 U/ml penicillin, and 100 U/ml streptomycin were added to the cells, and the cells were left for 72 h. Receptor binding assay. Binding of FGF1 to cell surface receptors was performed essentially as published previously (60) . Confluent NIH 3T3 cells were washed with ice-cold binding buffer (HEPES medium, 10 U/ml heparin), incubated with inhibitors for 30 min, and then incubated with increasing concentrations of /ml) were preincubated in the absence or presence of 20 M anisomycin for 15 min at 37°C. Next, the cells were incubated with 5 ng/ml of 35 S-FGF1 and 10 U/ml heparin at 4°C for 2 h. Then, the cells were washed extensively with HEPES medium containing 10 U/ml heparin. To measure binding to cell surface receptors, the cells were washed with 1 M NaCl in PBS and lysed at this stage. To measure endocytosis, the cells were incubated further for 0, 15, 30, or 60 min at 37°C in the presence or absence of 20 M anisomycin. Next, the cells were washed twice with high-salt/low-pH buffer and once with HEPES medium and lysed. 35 S-FGF1 was extracted from the cell lysates by binding to heparin-Sepharose and subjected to SDS-PAGE and fluorography.
Microscopy. HeLa cells were transiently transfected with FGFR1 or FGFR4. Cy3-FGF1 (100 ng/ml) was bound to the cell surface by incubation at 4°C in HEPES medium in the presence of heparin (50 U/ml) and in the presence or absence of SB203580 (10 M) or anisomycin (10 M). The cells were then washed with PBS and incubated further for 2 h at 37°C in DMEM with 10% FCS and 0.3 mM leupeptin and in the presence or absence of SB203580 or anisomycin. The cells were then fixed with Formalin solution (10%; Sigma-Aldrich), permeabilized with 0.05% saponin, and stained with mouse anti-LAMP-1 antibody and Cy2-labeled anti-mouse antibody. The cells were examined with a Zeiss LSM Duo confocal microscope. Images were prepared with the Zeiss LSM image browser (version 3.2.0.115) and CorelDraw11. Images of randomly chosen cells were examined. The proportion of red structures, indicating internalized Cy3-FGF1, which colocalized with LAMP-1-positive (green) structures, was calculated. The means and standard deviations were calculated from 15 cells in each case.
In vitro phosphorylation of the FGFR1 C-terminal tail. In vitro phosphorylation experiments were performed with recombinant human p38␣ MAPK and its inactive form (R&D Systems). Recombinant fusion proteins consisting of the 68 most C-terminal amino acids from FGFR1 fused to the C-terminal end of glutathione S-transferase (GST) were produced in bacteria and purified with glutathione-Sepharose (Amersham Biosciences) according to standard procedures. One g of the fusion proteins was incubated with p38␣ kinase and 40 Ci/ml [␥- 33 P]ATP in reaction buffer (25 mM HEPES, pH 7.5, 20 mM MgCl 2 , 1 mM Na 2 MO 3 , 20 mM sodium ␤-glycerophosphate, 1 mM dithiothreitol, 5 mM EGTA) at 30°C for 30 min in the presence or absence of SB203580. The reaction was stopped by trichloroacetic acid precipitation (30 min on ice). Then, the samples were centrifuged, washed twice with cold acetone, and resuspended in sample buffer. The proteins were analyzed by SDS-PAGE, electroblotting, and autoradiography, and then the membrane was stained with Coomassie blue.
RESULTS
p38 MAPK activity is required for translocation of exogenous FGF1 into cells. To test for the transport of FGF1 from the cell surface and into the cytosol and nucleus, we have developed an in vivo FGF1 phosphorylation assay which has been extensively described and validated in earlier studies (23, 25 , 31, 32, 36, 47, 52, 57). In this assay the translocation of exogenously added FGF1 into the cytosol and nucleus of the cells is monitored by phosphorylation of the growth factor. FGF1 contains only one functional phosphorylation site, a PKC site at Ser130. PKC is only found in the cytosol and nucleus, and therefore, phosphorylation of externally added FGF1 can be taken as evidence that the growth factor has reached the cytosol or the nucleus.
To test if p38 MAPK activity is required for translocation of exogenous FGF1 to the cytosol and nucleus, we first studied the effect of a specific low-molecular-weight inhibitor of p38 MAPK, SB203580 (6, 35) , on in vivo phosphorylation of FGF1. NIH 3T3 cells, which are known to express FGFR1, were first allowed to accumulate [ 33 P]phosphate, then incubated with FGF1 for 6 h, and then the intracellularly accumulated FGF1 was extracted from total cell lysates as described in Materials and Methods, run on an SDS-PAGE gel, and electroblotted onto a membrane. FGF1 that was radiolabeled by in vivo phosphorylation ( 33 P-FGF1, representing FGF1 translocated to cytosol/nucleus) was visualized by fluorography as shown in Fig. 1A , upper panel. This shows that phosphorylation of FGF1 was reduced upon treatment with 2.5 M of SB203580 (lane 4) and was completely abolished at 5 M (lane 5). No significant effect was observed on the total cellular uptake of FGF1 (total FGF1, largely derived from endosomes), which was visualized by anti-FGF1 immunodetection (Fig. 1A , lower panel) on the same membrane as shown in the upper panel.
Phosphorylation of FGF1 was also blocked by bafilomycin A1 (Fig. 1A, lane 6) , which prevents FGF1 translocation due to inhibition of the vesicular proton pump required to generate the vesicular membrane potential, as shown previously (31, 32) . Bafilomycin A1 in the following experiments was used as a negative control.
Three micromolar SB203580 was sufficient to completely block the activity of p38 MAPK, as shown in Fig. 1B , where NIH 3T3 cells were treated with anisomycin, a well-known efficient stimulator of p38 MAPK (4, 64) , and with increasing concentrations of SB203580. The activity of p38 MAPK in total cell lysates was measured by the level of phosphorylated MK2, a substrate of p38 MAPK.
We also tested if another inhibitor of p38 MAPK, PD169316, and an inactive analogue of SB203580, SB202474, were able to inhibit FGF1 phosphorylation. As demonstrated in Fig. 1C , SB202474 had no inhibitory effect (lanes 3 to 5), while PD169316 reduced phosphorylation of FGF1 already at 1 M (lanes 6 to 8).
In order to test the possibility that inhibition of p38 MAPK affects only phosphorylation of the translocated FGF1 and not the translocation process as such, we studied phosphorylation of FGF1 in cells that were treated with SB203580 and TPA (Fig. 1D) . TPA strongly stimulates the activity of cytosolic and nuclear PKC␦, which is the enzyme that phosphorylates FGF1 (57) (Fig. 1D, lane 4) . However, the TPA treatment did not overcome the inhibitory effect of SB203580 in the FGF1 phosphorylation assay (lane 3), indicating that SB203580 inhibits the translocation of FGF1 to the cytosol and nucleus.
Further evidence for this was obtained in experiments where translocation of FGF1 to the cytosol and nucleus was studied by cell fractionation. We employed a digitonin-based fractionation assay (52, 53, 57) 35 S-FGF1 for 6 h and then fractionated into a cytosolic, a nuclear, and a membrane fraction as described in Materials and Methods. The membrane fraction includes growth factor present in intracellular vesicles (endosomes) and can here be considered a loading control, as the largest part of the cellassociated FGF1 is present in the endosomes at the time of cell lysis. In the absence of inhibitors, labeled growth factor was detected in all three fractions (Fig. 1E) . Also in this assay, translocation of FGF1 to the cytosol and nucleus was blocked by bafilomycin A1. Upon treatment of the cells with increasing concentrations of SB203580, the amount of 35 S-FGF1 in the nuclear and cytosolic fractions, but not in the membrane fraction, decreased in a concentration-dependent manner and was undetectable at 5 M SB203580. Thus, treatment of cells with the p38 MAPK inhibitor SB203580 clearly inhibits the translocation of FGF1 to the cytosol and nucleus. As shown in Fig.  1F , the cytosolic and nuclear fractions obtained by the digitonin fractionation assay were devoid of calreticulin and Rab5a, which are marker proteins for the membrane fraction of cells.
Increased FGF1 translocation at increased cellular activity of p38 MAPK. Since inhibition of p38 MAPK blocked translocation of FGF1 into cells, we tested if increased p38 MAPK activity, stimulated by anisomycin, would increase translocation. As shown in Fig. 2A , increasing amounts of anisomycin increased the amount of in vivo-phosphorylated FGF1. Furthermore, in a digitonin fractionation experiment, more 35 S-FGF1 was detected in the nuclear and the cytosolic fractions of cells treated with anisomycin than in control cells (Fig. 2B) . Quantitation of the amount of cytosolic and nuclear 35 S-FGF1 by phosphorimager analysis of several repeated experiments showed that 10 M anisomycin increased FGF1 translocation by two-to fourfold. At higher concentrations of anisomycin (15 M and 20 M) the enhancing effect on FGF1 translocation was not observed, probably due to the toxicity of the compound, which inhibits protein synthesis. FGF1 translocation was completely inhibited by the PI3K inhibitor LY294002, as reported previously (23), and by bafilomycin A1. These results indicate that an increased activity of p38 MAPK in the cells is able to increase the translocation of FGF1 into the cytosol and nucleus.
We tested if the translocated FGF1 was modified by PKC␦, as previously reported (57) , also during treatment with anisomycin. Figure 2C shows that FGF1 was not phosphorylated during treatment of the cells with 10 M anisomycin and 5 M rottlerin, a specific inhibitor of PKC␦ (14) . On the other hand, in the presence of 10 M anisomycin and 1 M Gö6976, a specific inhibitor of PKC␣ (33), the phosphorylation of FGF1 was not inhibited. Using the digitonin fractionation assay we found that the tested PKC inhibitors did not significantly reduce translocation of 35 S-FGF1 (Fig. 2D ). This indicates that FGF1 is phosphorylated only by PKC␦, even during hyperactivation of p38 MAPK. Furthermore, as shown in Fig. 2E , in vitro phosphorylation of the PKC␦ substrate MBP by PKC␦ immunoprecipitated from TPA-stimulated cells was not inhibited by SB203580, PD169316, or Gö6976, indicating that the PKC␦ activity and FGF1 in vivo phosphorylation should be unaffected by these compounds. Previously, it was shown that p38␣ activation by thapsigargin requires MKK3/6, whereas anisomycin, sorbitol (hyperosmolarity), and peroxyhydrogen can activate p38␣ also by an MKK3/6-independent pathway (22) . To test if the increased FGF1 translocation obtained with increased p38 MAPK activity correlates with a specific activation pathway for p38 MAPK, we carried out the FGF1 phosphorylation assay in the presence of anisomycin, thapsigargin, mannitol (hyperosmolarity), and H 2 O 2 . As shown in Fig. 3A , anisomycin, mannitol, and H 2 O 2 clearly increased the amount of phosphorylated FGF1, while in the case of thapsigargin there was no significant increase. Figure 3B demonstrates that each of these compounds was able to induce hyperphosphorylation of p38 MAPK and phosphorylation of its downstream substrate, MK2. Thus, activation of p38 MAPK by different types of chemical stress that can activate p38 MAPK by an MKK3/6-independent pathway enhances FGF1 translocation.
Knockdown of p38␣ by siRNA inhibits FGF1 translocation. To further test if inhibition of the activity of p38 MAPK is the Fig. 4 , p38␣ siRNA selectively knocked down expression of p38␣, while the total amount of p38 MAPK (all isoforms) was little affected, as determined by immunoblotting using anti-p38␣ or anti-p38 MAPK antibodies, respectively (Fig. 4A , panels i and ii). We next examined if knockdown of p38␣ affected the ability of the cells to translocate FGF1 in an FGF1 phosphorylation assay. FGF1 was not phosphorylated in cells treated with p38␣ siRNA (Fig. 4A, panel iii) . No effect on the total cellular uptake of FGF1 was observed for any siRNA treatment (panel iv).
Since anisomycin is an efficient stimulator of p38 MAPK and can enhance FGF1 translocation, we examined if this drug had an effect on phosphorylation of FGF1 in cells with knocked down p38␣. As shown in Fig. 4B , even under anisomycin treatment we were unable to detect phosphorylated FGF1 in p38␣ knockdown cells.
We have previously shown that FGF1 is phosphorylated in the nucleus and then rapidly exported to the cytosol, where it is apparently degraded. However, in the presence of LMB the growth factor is trapped in the nucleus and thereby protected from degradation in the cytosol (57) . To test the possibility that phosphorylated FGF1 was not detected in p38␣ knockdown cells due to rapid transport to the cytosol, we carried out FGF1 phosphorylation experiments in p38␣ knockdown cells in the presence of LMB and fractionated the cells into cytoplasmic and nuclear fractions. Also under LMB treatment we were unable to detect phosphorylated FGF1 in p38␣ knockdown cells, while phosphorylated FGF1 was easily detected in the nuclear fraction obtained from control (mock-transfected) cells (Fig. 4C, panels i and ii) . By using anti-FGF1, nuclear 35 S-FGF1 and heparin for 6 h, and then the cells were fractionated into membrane (M), cytosolic (C), and nuclear (N) fractions. FGF1 was extracted from each fraction by binding to heparin-Sepharose and analyzed by SDS-PAGE and fluorography. (C and N fractions were exposed to film four times longer than the M fractions.) (G) The subcellular fractions obtained by fractionation as described for panel F were tested for the presence of the membrane-associated proteins Rab5a and calreticulin, the cytosolic protein ERK1/2, and the nuclear protein lamin A by specific antibodies. Figure 4D shows that the nuclear fraction obtained by the fractionation procedure used in Fig. 4C is not contaminated with marker proteins for the cytoplasmic fraction of cells. We were not able to successfully measure knockdown of p38␤ in NIH 3T3 cells, and we therefore carried out siRNA knockdown of p38 MAPK also in BJ cells, a human fibroblast cell line. The BJ cells were found to behave similarly to NIH 3T3 cells with respect to translocation of FGF1 and sensitivity to SB203580 and anisomycin (data not shown). BJ cells were transfected with two different siRNAs against human p38␣ (␣1 and ␣2), two siRNAs against human p38␤ (␤1 and ␤2), control siRNA, or mock transfected (no RNA) ( Fig. 4E and F) . Considerable knockdown of p38␣ as well as p38␤ was obtained with the specific siRNAs (Fig. 4E , panels i and ii). Translocation of FGF1 was studied in the siRNA-transfected cells by the in vivo FGF1 phosphorylation method (Fig. 4E , panels iv and v) and by the digitonin fractionation method (Fig. 4F) . Knockdown of p38␣, but not p38␤, clearly inhibited the translocation of FGF1 to the cytosol and nucleus. Figure 4G demonstrates the purity of cytosolic and nuclear fractions obtained by digitonin-based fractionation of the BJ cells.
These experiments indicated that p38␣ MAPK, and not p38␤ MAPK, is required for translocation of exogenous FGF1 into the cytosol and nucleus.
Effect of serum starvation and FGF1 stimulation on p38 MAPK activity in NIH 3T3 cells. To investigate the level of p38 MAPK activity necessary for FGF1 translocation, we monitored the level of phosphorylated p38 MAPK (p-p38) in NIH 3T3 cells at different time points. To enhance FGF1 translocation in NIH 3T3 cells, we routinely deprive the cells of serum for 24 h prior to stimulation with FGF1 (25, 31) . As shown in Fig. 5A , serum deprivation induced a brief increase in p-p38 (at 0.25 h), but thereafter the level of p-p38 declined gradually during the course of serum starvation. After 24 h of serum starvation, the level of p-p38 was considerably lower than the level found in NIH 3T3 cells grown in medium containing serum.
Treatment of serum-starved NIH 3T3 cells with FGF1 stimulated phosphorylation of p38 MAPK (Fig. 5A and B) , conceivably through activation of FGFR1 as described elsewhere (11, 60) . However, the FGF1-induced increase in p-p38, as well as phosphorylation of the p38 MAPK substrate MK2, declined to a relatively low level after 3 h (Fig. 5B) . Translocation of FGF1 into the cytosol and nucleus is known to be a rather slow process and peaks approximately 6 h after addition of FGF1 to the cells (Fig. 5C ), as shown previously (31, 47, 53) . At this time point the total cellular activity level of p-p38 was very low (Fig. 5B ), indicating that a highly activated state of p38 MAPK is not required during the FGF1 translocation process.
Lack of regulation of the endosomal sorting of endocytosed FGF1 by p38 MAPK. Most likely, FGF1 is translocated from endosomes (32). Since p38 MAPK has been shown to regulate components of the endocytic machinery as well as EGFR endocytosis, we investigated if p38 MAPK regulates the endosomal uptake and intracellular sorting of FGF1.
By measuring binding of 125 I-labeled FGF1 to the surface of NIH 3T3 cells that were pretreated with 10 M SB203580, 10 M SB202474, 20 M anisomycin, or 10 M PD169316, we found that none of these compounds had any effect on the apparent number of binding sites for FGF1 available at the cell surface (Fig. 6A) .
Previously, we have shown that after endocytosis of FGF1/ FGFR1, FGFR1 follows mainly the endocytic route to lysosomes, while FGFR4 is to a larger extent sorted to the endosomal recycling compartment (16) . We investigated the trafficking of Cy3-FGF1 in cells expressing FGFR1 in the presence of 10 M SB203580 or 10 M anisomycin and compared it to the normal trafficking of FGFR1 and FGFR4. HeLa cells transfected with FGFR1 or FGFR4 were incubated with Cy3-FGF1, first for 1 h on ice and then for 2 h at 37°C, and then they were fixed and stained for LAMP-1 as a marker for the lysosomal pathway. Then, the colocalization between LAMP-1 and Cy3-FGF1 in vesicular structures was quantitated as described in Materials and Methods. As shown in Fig. 6B , there was no significant difference in the colocalization with LAMP-1 for Cy3-FGF1 endocytosed as a complex with FGFR1 in the absence or presence of SB203580 or anisomycin. In contrast, Cy3-FGF1 endocytosed as a complex with FGFR4 showed much less colocalization with LAMP-1. VOL. 28, 2008 p38 MAPK REGULATES FGF1 TRANSLOCATION 4135 Anisomycin has been reported to stimulate endosomal uptake of EGFR (49, 65) . We therefore measured the uptake and intracellular stability of in vitro-labeled 35 S-FGF1 in the presence of anisomycin. NIH 3T3 cells were preincubated in the absence and presence of anisomycin for 15 min at 37°C. Then, 35 S-FGF1 was bound to NIH 3T3 cells at 4°C and its endocytosis was measured after 15, 30, or 60 min in the presence or absence of 20 M anisomycin at 37°C. As shown in Fig. 6C , anisomycin did not significantly change the efficiency of cell surface binding, endocytic uptake, or the intracellular degradation of 35 S-FGF1 (Fig. 6C) . Thus, varying the activity level of p38 MAPK does not seem to alter significantly the endosomal uptake and intracellular sorting pattern of FGF1/FGFR1. FGF1 translocation depends on p38 MAPK-regulated phosphorylation of Ser777 in FGFR1. We have previously shown that in COS-1 cells the translocation of FGF1 is crucially dependent on the C-terminal tail (Ct) of the FGFR (47), which is composed of 59 amino acids and encoded by exon 17 in FGFR1. This Ct is rich in phosphorylatable amino acid residues, particularly serines (Fig. 7A) , and we therefore investigated the possibility that the function of this Ct is regulated by phosphorylation. We constructed several FGFR1 mutants that were expressed in COS-1 cells.
We first tested if translocation of FGF1 in COS-1 cells expressing FGFR1 required p38 MAPK activity, as observed in NIH 3T3 cells. As shown in Fig. 7B , phosphorylation of FGF1 was completely inhibited by 5 M of SB203580, and this inhibition could not be overcome by stimulation of PKC with TPA, indicating that SB203580 abolished the translocation of FGF1.
Comparison of the FGFR1 Ct to known consensus sites for phosphorylation suggested that Ser777 could be a MAPK on July 31, 2017 by guest http://mcb.asm.org/ phosphorylation site. When Ser777 was mutated to alanine (FGFR1 S777A), the ability of the receptor to mediate FGF1 translocation was abolished (Fig. 7C ), possibly because a phosphate group at the 777 position is required. To test this, we mutated the 777 residue to aspartic acid and glutamic acid, which by their acidic charge may mimic a phospho group, and to asparagine, which is not charged but has a similar structure as aspartic acid. We found that FGFR1 S777D and FGFR1 S777E, but not FGFR1 S777N, mediated FGF1 translocation (Fig. 7C) , suggesting that phosphorylated Ser777 in FGFR1 is required for FGF1 translocation. The lower panel in Fig. 7C shows that the various receptors were similarly expressed and functional in endocytosis of FGF1, as the total cellular uptake of FGF1 (total FGF1), which is largely endocytosed FGF1, was similar. If p38 MAPK regulated FGF1 translocation through phosphorylation of Ser777 in FGFR1, one would expect that translocation mediated by FGFR1 S777D, which mimics a receptor that is constitutively phosphorylated at the 777 position, would not require p38 MAPK activity. Indeed, we found that translocation of FGF1 by FGFR1 S777D was not inhibited by 5 M SB203580 (Fig. 7D ). This suggests that p38 MAPK-regulated phosphorylation of FGFR1 at Ser777 is an important event in the regulation of translocation of FGF1 into cells. Whereas anisomycin could enhance FGF1 translocation by wild-type FGFR1 also in COS-1 cells, we did not observe a similar increase in FGF1 translocation when FGFR1 S777D-expressing cells were stimulated with anisomycin (Fig. 7E) . This is consistent with the idea that the enhancing effect of anisomycin on FGF1 translocation by FGFR1 is primarily due to enhanced p38 MAPK activity and enhanced phosphorylation of Ser777.
To investigate the sensitivity of FGFR1 and FGFR1 S777D to SB203580 in more detail, we performed an FGF1 phosphorylation experiment where the concentration of SB203580 was carefully titrated. Whereas translocation of FGF1 by FGFR1 was strongly inhibited at 3 M of SB203580, translocation of FGF1 by FGFR1 S777D was unaffected by up to 7 M of SB203580 (Fig. 8A) . At 10 M SB203580, however, translocation mediated by FGFR1 S777D was also inhibited. In contrast, FGFR1 and FGFR1 S777D exhibited equal sensitivity to wortmannin (Fig. 8B) , a compound that inhibits the activity of PI3K, which was previously found to be required for FGF1 translocation (23) .
A possible reason that translocation of FGFR1 S777D is inhibited by the higher concentrations of SB203580 is that at the higher concentrations the inhibitor may be less selective and also inhibit other kinases that play a role in FGF1 translocation (26) .
In vitro phosphorylation of Ser777 in FGFR1 by p38␣. In order to elucidate whether p38 MAPK is able to directly phosphorylate FGFR1 at Ser777, we carried out an in vitro phosphorylation assay, using pure recombinant p38␣, [␥-
33 P]ATP, and recombinant Ct from FGFR1 fused to GST as substrates. The Ct of wild-type FGFR1 could clearly be phosphorylated by a recombinant active form of p38␣, whereas the Ct of FGFR1 S777A, as well as that of FGFR1 S777D, was only phosphory- (Fig. 9A) . Phosphorylation of the wild-type Ct was abolished in the presence of 5 M SB 203580 or when an inactive form of p38␣ was added instead of the active p38␣. As shown in Fig. 9B , there is a dose-dependent inhibitory effect of SB203580 on the in vitro phosphorylation of the wildtype FGFR1 Ct. Already at 0.1 M SB203580 the phosphorylation was reduced, while it was completely inhibited by 2 to 5 M SB203580, which is in agreement with results from in vivo experiments. These data indicate that p38␣ can directly phosphorylate FGFR1 at Ser777 and, furthermore, Ser777 appears to be the only site in the Ct of FGFR1 that is phosphorylated by p38␣.
DISCUSSION
We report here that translocation of exogenous FGF1 to the cytosol and nucleus requires active p38 MAPK. The requirement for p38 MAPK activity is, at least partly, due to the requirement for p38 MAPK-mediated phosphorylation of FGFR1 at Ser777, demonstrating for the first time a specific role for serine phosphorylation of FGFR1.
As shown previously, the translocation of FGF1 across membranes of intracellular vesicles is a tightly regulated process that depends on special features of FGFR (47) as well as several additional cellular factors (3, 23, 31, 52, 63) . Here, we found that translocation of exogenous FGF1 to the cytosol and the nucleus is completely inhibited by low concentrations of two low-molecular-weight inhibitors of p38 MAPK, SB203580 and PD169316, providing evidence that the activity of this kinase is essential for the translocation to occur. A requirement for p38 MAPK was confirmed and extended by the specific knockdown of the ␣ isoform of p38 MAPK by siRNA in two different cell lines, which also reduced FGF1 translocation to below a detectable level. This showed that the ␣ isoform of p38 MAPK is strictly required for FGF1 translocation.
Since translocation of FGF1 is known to be a highly regulated process, we investigated whether FGF1 translocation correlated with the cellular activity of p38 MAPK. We found that chemically induced hyperactivation of p38 MAPK by anisomycin, mannitol, or H 2 O 2 increased the translocation of FGF1 to the cytosol and nucleus severalfold. This suggests that cells can respond to stress conditions that activate p38 MAPK by increasing the translocation of FGF1, possibly pointing toward an important biological role for translocated FGF1. Thapsigargin was also able to enhance the p38 MAPK activity but did not increase FGF1 translocation. This could be due to negative side effects of thapsigargin. Another possible explanation is that the stress-induced increase in FGF1 translocation is related to the mode of activation of p38 MAPK, as the activators anisomycin, sorbitol, and hydrogen peroxide, but not thapsigargin, were previously found to be able to activate p38 MAPK in an MKK3/6-independent manner (22) .
In the absence of stress activation, we found that the cellular activity of p38 MAPK was at a low level during the time interval for most efficient FGF1 translocation (3 to 8 h after addition of FGF1). Thus, it appears that a low level of p38 MAPK activity in the cells, possibly reflecting a basal activity required for certain housekeeping processes, is sufficient to support FGF1 translocation. Although stimulation of the cells with FGF1 induces an initial rise in p38 MAPK activity (0 to 3 h), this activation is probably not important, since we have previously shown that FGF1 translocation can be facilitated by kinase-dead mutants of FGFR (24, 47) , and FGF1 translocation can occur in the presence of chemical inhibition of the FGFR1 kinase activity (unpublished results), both representing situations where FGFR-induced phosphorylation cascades, including activation of MKKs and thereby p38 MAPK, are absent. Previously, also, it was shown that in the absence of stress, a low activity level of p38 MAPK could regulate endocytosis of a cell surface receptor (28) . Although a low cellular activity level of p38 MAPK may be sufficient for FGF1 translocation, it is possible that FGF1 translocation depends on variable properties of p38 MAPK that are not reflected in its total cellular activity, for instance, activation or a recruitment of p38 MAPK at specific subcellular sites. Importantly, p38 MAPK has been shown to regulate general components of the endocytic machinery, such as EEA1, GDI-rab5, and rabenosyn 5, all of which play roles in the functioning of early endosomes (5, 8, 28) . In this study, we did not find any evidence that the cellular activity level of p38 MAPK affected the endocytosis or the major intracellular transport routes of endocytosed FGF1/FGFR1. Nevertheless, it cannot be excluded that p38 MAPK regulates features of endosomes that are important for FGF1 translocation. Notably, the translocation of FGF1 probably occurs from endosomal vesicles (32) . Thus, it is conceivable that the p38 MAPKmediated phosphorylation of FGFR1 also occurs at the endosome, prior to, or during, FGF1 translocation.
The intracellular part of FGFRs consists of a juxtamembrane region of about 75 amino acids, a split kinase domain encompassing approximately 290 amino acids, and a C-terminal tail region downstream of the kinase of 49 to 59 amino acids. In a previous study we showed that whereas the entire kinase domain of FGFR1 was dispensable for FGF1 translocation, the C-terminal tail region was crucial. By mutational analysis we also identified Met771 and His798 within this domain as important for the facilitation of FGF1 translocation (47) . In the present study we have provided evidence that also Ser777 in the C-terminal tail of FGFR1 is crucial for FGF1 translocation. The first half of the C-terminal tail of FGFR1 includes 11 Ser/Thr residues as well as two tyrosines. These amino acids are quite well-conserved between the four FGFR isoforms. Among these Ser/Thr residues, we found Ser777 to be of particular interest, as its context (DQYS 777 PSF) made it a putative MAPK phosphorylation site. When Ser777 was mutated to alanine, translocation of FGF1 was abolished, while when Ser777 was mutated to an acidic amino acid, aspartic acid or glutamic acid, which may mimic a constitutively phosphorylated serine, FGF1 translocation was efficient. Importantly, translocation of FGF1 mediated by the FGFR1 S777D mutant was not dependent on p38 MAPK activity. This suggests that the role of p38 MAPK in FGF1 translocation is to regulate phosphorylation of Ser777 in FGFR1. Using recombinant p38␣ protein and recombinant C-terminal tail regions from FGFR1 in in vitro reactions, we found that p38␣ could phosphorylate the C-terminal tail from wild-type FGFR1 but not the C-terminal tail from FGFR1 S777A or FGFR1 S777D. This suggests that Ser777 is a direct phosphorylation site for p38␣ and, also, that Ser777 is the only p38␣ phosphorylation site in the C-terminal tail of FGFR1. These results highlight the importance of the C-terminal tail region of FGFR1 and indicate that this domain is able to regulate receptor functions in response to cell signaling events.
Due to the important role of FGFR as a tyrosine kinase, the phosphorylation pattern for Tyr residues in FGFR, and also the role of such phosphorylations, has been mapped and studied quite extensively (7, 10) . The role of serine phosphorylations has not received similar attention. The FGFR is, however, quite rich in serines in its intracellular juxtamembrane region as well as in the C-terminal tail region. Although it has been recognized that Ser phosphorylations in FGFR occur (48) , the role of such phosphorylations has been elusive. To our knowledge, this report is the first to describe a specific role of a single phospho-serine in FGFR1.
p38 MAPK is emerging as a signaling kinase involved in regulating endosome functions and intracellular sorting. The EGFR has been described to be phosphorylated on several Ser/Thr by p38 MAPK, and this is involved in regulating endosomal sorting of EGFR (59, 65) . Recently, it was also found that the retrograde transport of Shiga toxin to the cytosol requires p38 MAPK signaling (50) . Genome-wide analyses of kinases and their role in endocytosis have shown that transport along endocytic routes is highly regulated by a number of signaling kinases (38) . This report demonstrates a link between the signaling molecule p38␣, phosphorylation of FGFR1 at Ser777, and the translocation of exogenous FGF1 across membranes of endosomal vesicles to gain access to cytosol and nucleus.
